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Abstract 
Fatty acyl glutamate (FA-Glu), a surfactin variant, has been successfully produced using a 
genetically-modified strain of Bacillus subtilis grown on glucose. However yields with soybean 
hulls (SBH) replacing glucose were lower.  This work was undertaken to reduce the yield loss 
when using SBH as the carbon source and to evaluate two other soy by-products –fiber and skim 
from aqueous extraction - as alternative carbon and nitrogen sources.  
Fermentation of soybean hulls, fibers and skim at various concentrations produced lower FA-
Glu titers compared to S-7 medium. Neither increasing their amount nor supplementing with 
glucose increased the FA-Glu titer, suggesting the presence of an inhibitor in these feedstocks. 
By using a mixture of polysaccharide-degrading enzymes, over 65% of SBH solids were 
converted to soluble carbohydrates. FA-Glu titers obtained from SBH hydrolysates containing 
residual hull solids were still low; however, with the removal of the solids, cell growth improved 
and FA-Glu yield was 60% higher than with glucose. Thus, this low-cost material can be 
converted to a substrate for production of FA-Glu biosurfactant. 
 
Keywords: FA-Glu, biosurfactant, soybean hull, enzymatic hydrolysis, fermentation, byproduct 
utilization, biorenewable chemical 
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Highlights: 
• Fermentation of soybean co-products (hulls, fibers and skim) produced lower FA-Glu titers 
than glucose-based medium. 
• Enzymatic hydrolysis of soybean hulls (SBH) converted two-thirds (65%) of the total hull 
solids into soluble sugars. 
• Fermenting SBH hydrolysates from which residual hull solids were removed produced FA-
Glu titers ca. 60% higher than those obtained with glucose. 
• SBH hydrolysate is a potential feedstock for production of biosurfactants through 
fermentation by Bacillus subtilis. 
 
 
Abbreviations: FA-Glu, fatty acyl glutamate; SBH, soybean hulls; dispersion-to-oil; SLS, 
sodium lauryl sulfate; CHO, carbohydrate; EAEP, enzyme-assisted aqueous extraction; PHF, 
pretreated hydrolysis & fermentation; SHF, simultaneous hydrolysis & fermentation.  
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1. Introduction 
Surfactants are amphiphilic chemicals with emulsification and surface tension lowering 
properties that enable their use as foaming and dispersing agents. There is a growing demand for 
surfactants; however, as they are synthesized from petrochemicals or palm oil [1], they are 
increasingly expensive and can be environmentally unfriendly. For these reasons, production of 
“green” biosurfactants from renewable resources has received considerable attention in recent 
years.  
Biosurfactants, synthesized by microorganisms, consist of sugars, fatty acids and amino acids 
[2,3]. Examples of microbially-derived biosurfactants include rhamnolipids, sophorolipids, 
phospholipids and lipopeptides from various strains of Pseudomonas, Torulopsis, Candida, and 
Bacillus [4,5]. Biosurfactants have useful physiological, biocidal, surface activity and 
physicochemical properties[6]. Potential applications of biosurfactants include use in detergents, 
pharmaceuticals, oil recovery, cosmetics and food products. Their low toxicity and 
biodegradability make them environmentally friendly [7]. Moreover, as they can be produced by 
fermentation from renewable, biological feedstocks [8,9], they are not linked to uncertain 
supplies of petrochemicals. 
Bacillus sp. produces an assortment of cyclic lipopeptide surfactants, such as iturins and 
fengycins [10-13]. A well-known cyclic biosurfactant is surfactin, which consists of a long-chain 
β-hydroxy fatty acid of 12-17 carbons joined via an amide linkage to the amino-terminal 
glutamic acid residue of a heptapeptide (L-Glu/L-Leu/D-Leu/L-Val/L-Asp/D-Leu/L-Leu) [14]. 
The carboxy-terminal leucine of the peptide is esterified to the β-hydroxyl group of the fatty acid 
to form a lactone. Surfactin is a potent surface active agent that reduces the surface tension of 
water from 72 to 27 mN/m at 20 µM [15, 24].  
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Members of the genus Bacillus grow satisfactorily and produce biosurfactants on a variety of 
organic waste streams such as potato effluents, orange peels, cassava processing waste, 
sugarcane molasses, frying oils and cheese whey [8,9,16-22]. The lipopeptide titers vary with the 
type and composition of feedstock and the strain of Bacillus tested. Using B. subtilis MTCC 
2423, Vedaraman et al. produced 3.7 and 4.7 g/L of surfactin on waste sunflower and rice bran 
frying oils, respectively, vs. 4.4 g/L on glucose [19]. Ghribi et al. obtained surfactin titers of 4.45 
g/L on media containing orange peels, soybeans and diluted sea water [20]. de Faria et al. 
produced 1.37 g/L fengycins from 5% crude biodiesel glycerin using B. subtilis LSFM-05 [21]. 
However, on the same feedstock, titers were only 0.44 and 0.27 g/L surfactin with B. subtilis 
strains LAMI005 and LAMI009, respectively [22].  
Recently, scientists at Modular Genetics, Inc. (Woburn, MA) genetically modified B. subtilis 
OKB105 to produce a substance termed Fatty-Acyl-Glutamate, or FA-Glu (Figure 1) [1, 23]. 
This is similar to surfactin in having fatty acid chains of 12-17 carbons, of which, the major 
species are those with 13-15 carbons. However, unlike surfactin, it lacks the heptapeptide 
moiety, and instead has only a single glutamic acid residue. Like surfactin, it has desirable 
physicochemical properties. FA-Glu reduces the surface tension of water to 27.2 mN/m at 0.1 
g/L. Against larvae of the Gulf killifish, Fundulus grandis, FA-Glu was shown to be less toxic 
than surfactin and sodium lauryl sulphate [24]. Its **higher**??dispersion-to-oil ratio compared 
to surfactin makes it a candidate for use in oil spill remediation. 
FA-Glu can be produced by fermentation using readily available nutrients for cell growth and 
biosurfactant production [1]. However, there is a need for sustainable resources and low-cost 
fermentation feedstocks for production of such biochemicals. Use of renewable low-value 
agricultural by-products is an attractive alternative to glucose, owing to the availability of 
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food/feed-based co-product streams and agricultural processing wastes. Reznik et al [1] 
previously tested cellobiose, xylose and soybean hulls (SBH) as feedstocks for FA-Glu 
production. In general, the titers from these feedstocks were lower than those from glucose [1]. 
Aqueous extraction of oil from soybeans followed by protein recovery from the resulting 
aqueous solution results in byproducts of hulls, fiber from the bean, and a peptide-enriched 
aqueous skim fraction. Soybean hulls and fibers consist of complex polysaccharides [26,27], that 
require enzymatic conversion into soluble sugars for biosurfactant production. Soy skim contains 
sugars and small peptides that could provide carbon or nitrogen [28]. Here the three were 
examined as replacements for S-7 components for producing FA-Glu by fermentation. 
 
2. Materials and Methods  
2.1 Microorganism and Media  
B. subtilis strain 40688-E4, provided by Modular Genetics, Inc. (Woburn, MA) was used to 
produce FA-Glu. This strain was derived from Modular’s original FA-Glu producing strain 
described by Reznik et al [1], and had the following genotype: ΔsrfAA(998-3587, srfAB-, 
ΔsrfAC(1-94), amyE::Psrf-comS-Pspac-srfD, pps-,phe+, sfp, spoIIAC-, CamR SpcR.  Stock 
cultures were stored at -80oC in 20% glycerol until needed. Specifics on strain properties and 
genetic modifications have been described [1,23]. The seed medium used to maintain and pre-
culture the cells contained 6 g Na2HPO4, 3 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 3 g yeast extract, 
5 g glucose and 10 g casamino acids per liter. The seed medium, except glucose and casamino 
acids, was sterilized by autoclaving at 121oC, and then supplemented with filter-sterilized 
glucose and casamino acid solutions. The cells were transferred from seed medium to a sterile 
fermentation medium, termed as “S-7”, which was modified by Modular Genetics, Inc., from 
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that described by Mirel et al. (2000) [29]. The modifications included changes in concentrations 
of several of the trace metals and inclusion of glutamic acid.  The complete S-7 medium 
contained (per liter) 2.18 g KH2PO4, 14.63 g K2HPO4, 1.32 g (NH4)2SO4, 2.94 g glutamic acid,  
20 g glucose,  0.73 mg HCl, 0.49 g MgCl2-6H2O, 14.7 mg CaCl2-2H2O, 9.9 mg MnCl2-4H2O, 
0.14 mg ZnCl2, 1.35 mg FeCl3-6H2O and 0.67 mg thiamine-HCl. A solution containing 
phosphate buffer salts (pH 7.5) and ammonium sulfate was prepared and separately sterilized by 
autoclaving. Glucose, glutamic acid, thiamine-HCl and the trace metals were separately 
prepared, filter-sterilized, then aseptically added to the above autoclaved solution to produce the 
final complete S-7 medium. 
2.2 Fermentations for FA-Glu production 
FA-Glu was produced in shake flasks of various sizes. Inocula were prepared by pre-
culturing B. subtilis overnight in seed media at 30°C with shaking at 160 rpm. Growth was 
monitored by measuring turbidity spectrophotometrically at 650 nm. Pre-culture inocula were 
aseptically added to S-7 medium to produce an initial A650 of ~0.03-0.05. The flasks were then 
incubated at 37°C with shaking at 160 rpm for approximately 72 hours. Periodically, samples 
were aseptically withdrawn to monitor cell growth (A650), clarified by centrifugation and/or 
syringe filtration (0.22 µm), then stored at -80oC for later analyses for soluble carbohydrate 
(CHO) and FA-Glu. Flasks of 125- and 250 mL sizes were incubated in Model G76 Gyrotory 
Water Bath Shaker; larger flasks (0.5- and 1.0 L) were incubated in an Innova 4300 incubator 
shaker (New Brunswick Scientific, NJ). 
2.3 Soybean fractions  
Soybean hulls (SBH) were provided by Ag Processing, Inc., Eagle Grove, IA and stored at  
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-20°C. The hulls were finely ground in an L’Equip NutriMill (Kitchen Resource, N. Salt Lake, 
UT) and stored at room temperature until needed. Soybean skim and insoluble soy fibers were 
produced in the pilot plant at the Center for Crop Utilization Research (CCUR) at Iowa State 
University using an integrated countercurrent 2-stage Enzyme-Assisted Aqueous Extraction 
Process (EAEP) [25], and stored at -20oC until needed. Frozen soy fiber paste obtained from 
EAEP was lyophilized and used without further processing for fermentation. Soy skim was 
adjusted to pH 7.5 with phosphoric acid, sterilized by autoclaving and added to sterile S-7 
medium as a partial or total (10 to 100% (v/v)) replacement for the water component and total 
replacement for soluble CHO source, as well as providing a potential source of nitrogen. Except 
for glucose (where indicated), all other S-7 medium components were present in their normal 
concentrations.  
2.4 Enzymes  
Most of the soy hull hydrolyses were done using cellulase, hemicellulase and pectinase 
provided by Novozymes (Franklinton, NC; Table 1). Preliminary screening experiments showed 
that a mixture containing equal volumes of three specific enzymes was most effective and 
produced the highest conversion of SBH to soluble carbohydrates. The temperature and pH 
optima for these enzymes ranged from 40-50°C and 5-5.5, respectively. Limited trials with 
similar mixtures of cellulase, hemicellulase and pectinase (Multifect CX-GC, Multifect CX-
2000L, Multifect CX-B and Multifect Pectinex FE) from Genencor produced approximately the 
same degree of hydrolysis. In experiments where SBH was pretreated with enzymes, hydrolysis 
was done at 50°C and pH 5 in 100 mM acetate buffer (Buffer A).   
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2.5 Soybean Hull Hydrolysis  
Several enzymes and blends thereof were screened for hydrolytic activity on SBH 
polysaccharides. Screening trials identified the enzyme blend shown in Table 1 as having 
maximum hydrolytic activity on soy hulls. In subsequent trials, hydrolyses were performed to 
determine the minimum enzyme dosage required to achieve maximum conversion of SBH solids 
to soluble CHO. The SBH (7 g) were suspended in 100 mL of Buffer A, then autoclaved at 
121°C. Each of the enzymes used for hydrolysis (Table 1) was diluted 1:1 with Buffer A, then 
filter-sterilized by syringe filtration through a 0.22 µm filter. Equal volumes of the three sterile 
enzyme solutions were combined to produce a solution containing 192 Biomass Hydrolysis Units 
(BHU(2)), 455 Fungal Xylanase Units (FXU-S) and 2713 PolyGalacturonase Units (PGU) per 
milliliter. Varying amounts of this solution were aseptically added to the sterile SBH followed by 
incubation with shaking (200 rpm) at 50°C for 21-24 h. Periodically, samples were aseptically 
withdrawn from the flask, boiled for 15 min to inactivate the enzymes, clarified by centrifugation 
and syringe-filtration (0.22 µm), then frozen. Data from subsequent soluble CHO analyses were 
used to determine percent (%) hydrolysis as a function of enzyme dosage.   
2.6 Fermentation of soybean hull and soybean fiber-based media 
For use in fermentation trials, soybean hulls were enzymatically-hydrolyzed in two ways: a) 
Pretreated Hydrolysis & Fermentation (PHF); b) Simultaneous Hydrolysis & Fermentation 
(SHF). For PHF, hulls were hydrolyzed as described in the previous section. For fermentations 
containing residual hull solids, these hydrolysates were adjusted to pH 7.5 with sterile KOH, 
supplemented with sterile S-7 ingredients, and then inoculated with B. subtilis 40688-E4. Hulls 
prepared as described above (but without enzyme treatment) served as controls. 
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In PHF trials, where solid-free preparations were required, residual hull solids were removed 
following hydrolysis by centrifugation for 10 min at 25,000 x g at 4°C. The clear supernatants 
were recovered, adjusted to pH 7.5 with 1 M KOH, analyzed for soluble CHO and then used for 
fermentation trials. S-7 medium served as the primary control. The hydrolysates, which supplied 
soluble CHO, were supplemented with all the S-7 medium ingredients except glucose.  Based on 
their soluble CHO concentrations, hydrolysate volumes used in media preparation were 
calculated so as to reach a final soluble CHO concentration of 20 mg/mL to match the glucose 
concentration of the control. Greater or lesser volumes of make-up water were included in the 
medium, so all flasks had the same volumes. Media containing hull preparations that were 
identically processed, but without enzyme treatment (referred to as “SBH Extracts”) served as 
secondary controls. The media were filter sterilized and then inoculated with B. subtilis 40688-
E4. Fermentations were carried out as described above. 
For production of FA-Glu from soy fiber or soy hulls by SHF, fibers or hulls were suspended 
in S-7 medium without glucose, glutamic acid, trace metals and thiamine-HCl, then autoclaved at 
121°C. On cooling, the preparations were supplemented with the remaining sterile S-7 medium 
ingredients except glucose, and then inoculated with B. subtilis 40688-E4, followed by addition 
of the sterile enzyme mixture. Immediately, aliquots were removed from the flasks, boiled for 
10-15 min to inactivate the enzymes, clarified and frozen for later analysis. Flasks were 
incubated with shaking at 160 rpm and 37oC during the fermentation. Periodically, samples were 
aseptically withdrawn, clarified by centrifugation and/or syringe filtration (0.22 µm), then stored 
at -80oC for soluble CHO and FA-Glu analyses. Fermentation was performed at conditions that 
were sub-optimal for the enzymes; however, they were necessary for cell growth. 
2.7 Analytical Measurements 
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Soluble CHO was quantified by the phenol-sulfuric acid method with glucose as the standard 
[30]. Absorbance was measured spectrophotometrically at 490 nm. The concentrations of 
unknowns were determined by reference to calibration curves. The pH was measured on an 
Accumet AB15 pH meter (Fisher Scientific). 
Most FA-Glu analyses were performed by Modular Genetics, Inc., using a Thermo Scientific 
Accela UHPLC system coupled to a Thermo Scientific LXQ ion trap mass spectrometer with an 
ESI probe [1]. Chromatography was done on a Thermo Scientific C-18 Hypersil Gold column 
(50×2.1 mm, particle size 1.9 μm) at 25°C and a flow rate of 0.6 mL min−1 with the mobile 
phases (A) DI-water and (B) acetonitrile, both containing 1% (v/v) of acetic acid. Elution was 
with the following gradient: 0–0.5 min, 100% A; 0.5–1 min, 100% A to 40% B; 1–2.5 min, 40% 
B to 100% B, hold for 0.5 min, then re-equilibration with 100% A for 1.5 min. FA-Glu variants 
were detected using mass spectroscopy in the negative ion mode from spectra obtained over the 
range of m/z 150–2000, and using the following MS parameters: ion source voltage: 5.0 kV; 
capillary voltage: 30 V; capillary temperature: 275 °C , tube lens offset: 125 V, sheath- and 
auxiliary gas at 20- and 5 arbitrary units, respectively. Data were processed using Xcalibur 2.0.7 
software (Thermo Fisher Scientific, Waltham, MA). The internal standard, potassium myristoyl 
glutamate (KMG; Ajinomoto North America, Fort Lee, NJ) was added at 10 ppm to all samples 
and surfactant standards prior to injection. The concentration of FA-Glu was calculated by 
reference to calibration curves.  
The remaining FA-Glu analyses were performed at Iowa State University’s Chemical 
Instrumentation Facility on an Agilent Series 1200 HPLC coupled to an Agilent Technologies 
6540 UHD Accurate Mass Q-TOF mass spectrometer. Chromatographic separations were done 
isocratically on an XDB-C18 column (4.6 x 50 mm, particle size 1.8 µm) using methanol:water 
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80:20 at ambient temperature and a flow rate of 0.8 mL/min. FA-Glu isoforms were detected 
over the retention time range of 1.5-6.5 min with m/z 344.07, 358.07, 372.08, 386.08, 400.09 and 
414.09.  Samples analyzed at both facilities demonstrated that reproducible and consistent results 
were obtained from both instruments and methods.  
3. Results and Discussion 
3.1 Fermentation on S-7 medium  
Figure 2 shows the profile for FA-Glu production by B. subtilis 40688-E4 in S-7 medium. 
FA-Glu was detectable several hours after initiation of growth. Soluble CHO consumption was 
complete by 26-30 h at which time cell growth ceased and culture turbidity decreased due to 
lysis caused by nutrient depletion. FA-Glu concentrations remained high for the balance of the 
fermentation time. During fermentations, the pH normally ranged from 6.7 to 7.2, while FA-Glu 
titers on S-7 medium typically ranged from ~140-390 (avg.235) mg/L, generally decreasing over 
the course of the project, and were ~50% higher than those obtained from other media tested by 
previous investigators [1]. The higher average level may be due, at least in part, to a higher level 
of trace metals, which have been shown to influence surfactin titers (**Copper et al 1981, Wei 
and Chu 2002, Makkar and Cameotra 2002, Wei et al 2007, Abdel-Mawgoud et al. 2008**) in 
this media, as well as the inclusion of glutamic acid to supplement endogenous pools for 
incorporation into FA-Glu. The variation in titers reflected changes with storage time of cultures 
and variability commonly encountered from one fermentation to another. Therefore, comparisons 
between different media were based on titers relative to the S-7 controls run at the same time. 
The effect of medium composition on FA-Glu production was examined (Table 2). In S-7 
medium with 2% glucose, the FA-Glu titer was 312.5 mg/L. Lowering the glucose concentration 
to 1.2% reduced the FA-Glu titer by nearly 50%, demonstrating the effect of CHO concentration 
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on FA-Glu titer. This dependence is consistent with the findings of Reznik et al [1] but the levels 
produced here are higher, chiefly due to the inclusion of glutamic acid as a medium ingredient in 
the current work. Table 2 shows that inclusion of glutamic increased the FA-Glu titer ca. 2.3-
fold.  Even in medium with glutamic acid and no glucose, FA-Glu titers reached 24%  of that 
using the complete medium (S-7).  While glutamic acid alone supplied ~15% as much carbon as 
glucose,  per gram of carbon, the cells produce nearly 4 times more FA-Glu on glutamic acid 
compared to glucose, presumably because a portion of the glutamic acid can be directly 
incorporated into the FA-Glu with the rest providing the C-source.  
3.2 Fermentations based on soybean co-products as medium ingredients 
3.2.1 Soybean fiber 
Table 3 shows the titers of FA-Glu obtained from insoluble soy fiber (2 and 3.3% w/v), were 
only slightly above what had been obtained from the same medium without fiber (i.e. only 
glutamic acid as a C-source). Nor did the inclusion of polysaccharide-hydrolyzing enzymes with 
the fiber increase FA-Glu titers. It is likely that FA-Glu produced by the cells was derived from 
glutamate, not soy fiber. 
3.2.2 Soybean hulls 
Soybean hulls (SBH) consist largely of cellulose, hemicellulose and pectin. These 
polysaccharides have the potential to serve as fermentation feedstocks for FA-Glu production. 
When SBH were tested, it was found that B. subtilis consumed some of the soluble hull CHO 
and produced FA-Glu during 69-72 h of incubation; however, the FA-Glu titers were 
significantly lower, ranging from 82-102 mg/L, or ~40-50% of those obtained on S-7 medium. 
(Table 4). Moreover, there was no significant increase in titer as the % SBH in the medium was 
increased. A small amount of carbohydrate was solubilized from SBH during media preparation. 
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Regardless of the concentration of soybean hulls used, the cells consistently consumed 
approximately 33-50 % of the soluble CHO. The FA-Glu titer from hulls was similar to that from 
S-7 medium prepared without glucose but with glutamic acid as the sole carbon source. It is 
likely that the FA-Glu is produced only from glutamic acid in S-7 medium, and that little or no 
FA-Glu is produced from native SBH. Supplementing the hulls with 2% glucose resulted in 
higher levels of FA-Glu; however, in all cases, the titers varied inversely with the amount of 
SBH and were significantly lower than those obtained on S-7 medium. The data suggest that a 
component of the hulls interferes with FA-Glu production. 
The lower FA-Glu titers obtained with SBH were presumed to be due to an inability of the 
cells to metabolize the hull polysaccharides. Enzymatic hydrolysis would presumably convert the 
latter into fermentable sugar and boost FA-Glu levels during fermentation. Accordingly, hull 
preparations were treated with mixtures of polysaccharide-degrading enzymes. Moreover, in 
these trials, different levels of enzymes were used to identify the optimum dosage for enzymatic 
hydrolysis as excessive enzyme use would be costly. As mentioned (Methods and Materials), 
two hydrolytic regimens were used: PHF and SHF. The latter was tested since, if successful, it 
would simplify and shorten the process of converting soy polysaccharides into FA-Glu. A dosage 
of 0.06-0.52 grams of enzyme mixture per gram of hull solids was found to be effective (Figure 
3) for hydrolysis. Under the conditions used, the maximum conversion of SBH solids to soluble 
CHO was found to be 65-67%. At the higher levels of enzyme, this was reached after 8-10 h of 
incubation. Even the lowest dose of enzyme (~12% of the maximum) produced ~61% 
hydrolysis, and is indicative of the efficiency of the enzyme mixture. A similar mixture of 
cellulase, hemicellulase and pectinase provided by another supplier (Genencor) was found to 
bring about a nearly identical percent hydrolysis of soy hulls under the conditions used 
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(Materials and Methods).  However, when these enzymes were used for SHF during a 72-hr 
fermentation,it was found that FA-Glu titers produced from untreated hulls and hulls subjected to 
SHF were 27- and 27.5%, respectively, of those from S-7 (Table 4).  It is possible that limited 
soluble sugar release occurred since the conditions for optimum enzyme activity (pH 4.5-5 and 
45-50°C) were not provided by the fermentation (37°C and pH 7.5). 
 To ensure conversion to soluble carbohydrate, the alternative approach of pre-hydrolysis 
followed by fermentation (PHF) was followed, wherein SBH were hydrolyzed under optimum 
conditions of temperature and pH, converting  67% of the SBH solids to soluble sugars prior to 
fermentation. . In spite of this assured release of fermentable sugars, fermentation of the 
hydrolysate still resulted in FA-Glu titers of only 58.4 mg/L, or ~21% of that obtained on 
glucose and somewhat less than that of the SSF fermentations  (Table 5). For both SSF and PHF, 
residual hull solids are in the medium. It was earlier noted that FA-Glu titers vary inversely with 
the percentage of SBH in the fermentation (Table 4). Thus, it is conceivable that, following 
enzymatic hydrolysis in PHF trials, the residual hull solids might hinder FA-Glu synthesis. This 
was tested by fermenting SBH hydrolysates from which residual hull solids were removed after 
enzyme treatment. 
Cell growth was consistently better on soy hull hydrolysates from which residual solids were 
removed than on S-7 medium (Figure 4). With all hull preparations, the lag times were shorter. 
The cells consumed 90% of the soluble CHO from soybean hulls and reproducibly grew to 
higher cell densities on the hydrolysates compared to S-7 medium, even though their initial 
soluble CHO concentrations were identical. It is possible that during the hydrolysis, the enzymes 
solubilize proteins and/or peptides from the hull solids that may stimulate cell growth. Moreover, 
in the absence of SBH solids, high levels of FA-Glu were produced (Table 5) from the 
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hydrolysates. Statistical analysis (Duncan’s multiple comparison test using Proc GLM software, 
based on the pooled standard deviation of replicates from each of these fermentations) showed 
no significant differences in titer among the enzyme dosages used. However, all were 
significantly higher (p<0.05) than the enzyme-free control, and two dosages, including the 
lowest, were significantly higher than the S-7 medium. Thus, removal of residual hull solids is a 
necessary step to obtain high FA-Glu titers on SBH hydrolysates. Soy hulls contain 
hemicelluloses [26], which yield pentoses on hydrolysis. Khan et al. reported that production of 
surfactin by B. subtilis was higher on pentoses compared to glucose [31]. This is consistent with 
the data of Reznik et al (1) who observed higher FA-Glu titers on xylose vs. equivalent amounts 
of glucose. Thus pentoses enzymatically-released from SBH may be responsible for the higher 
FA-Glu titers.  
In summary, SBH can be used to produce FA-Glu if hydrolyzed using as little as 0.06 g 
enzyme/g hulls, followed by removal of residual solids. Fermentation of the soluble sugars in 
hydrolysates results in FA-Glu titers that are higher than those obtained on equivalent amounts of 
glucose. Cost of goods for this alternative is hard to estimate as it is dependent on proprietary 
enzyme costs.  Based on the the range of estimates reported for enzyme costs [32], we estimated 
$3.50/kg for enzymes and $0.15/ kg for SBH (based on current bulk cost).  The cost of those two 
goods to replace a kg of glucose with a kg of soluble CHO from SBH would be $0.58 kg using 
the lowest enzyme dosage we reported.  Current bulk price of a kg of glucose from glucose syrup 
is $0.62/kg. With a combination of reduced enzyme dosage and further strain engineering it may 
be feasible to widen that cost of goods savings to offet the additional processing cost.  
3.2.3 Fermentations with soybean skim  
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B. subtilis grew in media supplemented with soy skim as evidenced by increases in cell 
turbidity (Figure 5). The extent of cell growth was less than that observed with S-7 medium, but 
increased with the percent skim in the medium. Despite the cell growth, FA-Glu titers on skim 
were consistently very low, and varied inversely with the skim percentages (Figure 5). 
Supplementing the skim with 2% glucose increased the FA-Glu titer, but only minimally.  
Regardless of the percent (v/v) skim in the medium, the cells consumed 49-56% of the soluble 
CHO. Medium with 100% skim contained ~19 mg/mL soluble CHO, half of which was 
consumed. The amount utilized was sufficient to produce measurable amounts of FA-Glu. The 
failure of the cells to produce higher titers of FA-Glu is apparently not due to insufficiency of 
fermentable CHO; rather, it suggests that the skim contains something that prevents FA-Glu 
synthesis by the cells.  
 
4. Conclusion 
Soy skim from EAEP contains unidentified substance(s) that inhibit FA-Glu synthesis. As 
such, the skim fraction is unsuitable as a feedstock for biosurfactant production. Similarly, 
unmodified SBH solids, residual hull solids from enzymatic hydrolysis, and soy fibers from 
aqueous extraction also reduce FA-Glu production. However, soluble sugars from SBH 
hydrolysates from which residual hull solids have been removed are an acceptable feedstock. On 
these sugars, B. subtilis grows faster and to a greater extent; moreover, the cells also produce 
higher FA-Glu titers than on equivalent amounts of glucose. The glucose-containing defined 
medium used here (S-7) produced higher titers than that reported for this strain with a previous 
defined medium lacking glutamic acid. 
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Table 1  
Hydrolytic enzymes from Novozyme used in this investigation.  
 
Enzyme ID Activities Present Activity* 
NS22086 Cellulase 1000 BHU(2)/g 
NS22083 Hemicellulase 2500 FXU-S/g 
NS22119 Pectinase/xylanase/arabinase 13700 PGU/g 
* Potencies of enzymes provided byNovozyme: BHU (2): Biomass Hydrolysis Unit; FXU-
S: Fungal-Xylanase Unit; PGU: Polygalacturonase Unit. 
 
Table 2. Effect of medium composition on FA-Glu production.  
 
 
 
Trial  
# 
 
 
Carbon 
Source* 
 
Grams 
Per Liter 
 
Grams 
Carbon/L 
 
 
FA-Glu Titer 
% Carbon 
Incorporated 
into FA-Glu, 
Mole Per Mole 
 
mg/L 
mg/g 
Carbon 
 
1 
Glucose +  
Glutamic Acid 
12.0 
2.9 
4.8 
1.2 
168.5 28.1 NA 
Glucose +  
Glutamic Acid 
20.0 
2.9 
8.0 
1.2 
319.5 34.7 NA 
 
2 
Glucose Alone 20.0 8.0 132.5 16.6 0.05 
Glutamic Acid Alone 2.9 1.2 74.1 61.8 0.20 
Glucose  +  
Glutamic Acid 
20.0 
2.9 
8.0 
1.2 
312.4 34.0 NA 
* B. subtilis was grown in S-7 medium (Materials and Methods) with different concentrations of 
glucose and in media lacking either glucose or glutamic acid.  
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***need to get notes out of title**Table 3. Production of FA-Glu on soybean fiber 
supplemented with S-7 medium ingredients except glucose. The soluble CHO (glucose) content 
in S-7 media was replaced by 2 or 3.3% soybean fiber, then dosed with an enzyme mixture 
containing cellulose, pectinase and hemicellulose (Materials and Methods) and inoculated with 
B. subtilis strain 40688-E4. Cells grown on S-7 medium served as a control. Absolute FA-Glu 
titer values are shown.  
  
Soluble CHO Source Enzyme Dosage*  FA-Glu titer (mg/L) 
2% Glucose 0 329, 310 
2 % Fiber 0 85.5, 85.9 
2 % Fiber 0.4  88.5, 78.7 
3.3 % Fiber 0 88.9, 90.1 
3.3 % Fiber 0.25 68.4, 79.7 
* Grams enzyme per grams soybean fiber. Enzymes used: NS22086, NS22083 and NS22119 
from Novozymes. 
 
   
 
 
Table 4. Production of FA-Glu on soybean hulls supplemented with 2% glucose or treated with 
polysaccharide-hydrolyzing enzymes.  
 
CHO 
Source* 
(wt%) 
 
 
Glucose 
Supplement 
 
 
# 
Replicates 
** 
 
 
Hull  
Treatment 
 
Soluble 
[CHO], mg/mL 
 
 
 
% CHO 
Consumed 
 
Maximum 
FA-Glu Titer 
 
Initial Final (mg/L) % of  Control 
2% Glucose 0 14 None 20 0.3 98.5 235±84*** 100 
2% SBH 0 5 “ 2.4 1.2 50.0 86±15 36.6 
3.3% SBH 0 2 “ 3.5 1.9 54.0 91.5, 101.9 38.9, 43.8 
5% SBH 0 1 “ 5.0 3.3 33.3 90.2 38.3 
7% SBH 0 1 “ 7.3 5.3 27.7 81.9 34.8 
2% SBH 2% 1 “ 23.9 2.0 91.6 195.9 83.2 
5% SBH 2% 1 “ 26.5 4.7 82.2 124 52.7 
7% SBH 2% 1 “ 29.8 6.5 78.1 93.5 39.7 
         
2% SBH 0 1 SSF**** 4.13 1.85 55.2 82.5 35.0 
2% SBH 0 1 PHF**** 12.91 1.63 87.4 58.4 24.8 
*The soluble CHO (glucose) content in S-7 medium was replaced by soybean hulls. Cells grown on S-7 medium 
served as control. 
**Where replicates were >1, average values are shown. 
***Average of 14 determinations. 95% confidence interval for the means when N >2 and values for N = 1 or 2. 
****Mıxtures of cellulase, hemicellulase and pectinase supplied by Genencor were used. SSF = Simultaneous 
Saccharification and Fermentation; PHF = Pre-Hydrolysis followed by Fermentation. Residual hull solids were 
present during the fermentation of enzyme-treated hulls. 
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***Table 5. Comparison of FA-Glu titers on soy hull hydrolysates, unhydrolyzed hulls and S-7 
medium. The soluble CHO fractions obtained from soy hulls were added to S-7 medium without 
glucose. The resulting solutions had soluble CHO concentrations equal to that in S-7 medium.  
 
 Enzyme Dosage (g/g)* for Hydrolysis 
S-7 
Medium 
 0.52** 0.26 0.13 0.06 0  
FA-Glu Conc. 
(mg/L)  232.6a*** 215.8a b 227.4a b 250.5a 123.3c 158.7b c  
* Total enzyme amount per dry soy hull solids (g/g).   
** Single trial; all others averages of two replicates. 
*** Values with different superscripts are significantly different (p<0.05) based on Duncan’s 
multiple comparison test 
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Figure captions 
 
Fig. 1. Structure of β-hydroxy-fatty-acyl-glutamate (FA-Glu). Variability of the fatty acid chain 
is responsible for FA-Glu having isoforms with molecular weights of 344, 358, 372, 386, 400 
and 414. The most abundant are those with amu’s of 358, 372 and 386 (Marti et al 2014). 
 
Fig. 2. FA-Glu production by B. subtilis 40688-E4 on S-7 medium. Note that soluble CHO 
values are multiplied by 10. The data are an average of two replicates. However, similar results 
were consistently observed for soluble CHO, turbidity and FA-Glu titers during this 
investigation. --▲--, Turbidity (A650); ▬♦▬, FA-Glu, mg/L; --●--, Soluble CHO, g/L x 
10.  
 
Fig. 3. Results of soybean hull hydrolysis trials. Enzymes used were mixtures of NS22086, 
NS22083 and NS22119 (Novozymes). SBH solids were hydrolyzed with the enzyme dosages 
indicated. Preparation of enzyme mixtures and hydrolysis details are described in Materials and 
Methods. 1 g enzyme mixture contained approximately 179 BHU (cellulase units), 475 FXU 
(hemicellulase units) and 2548 PGU (pectinase units). Symbols indicate respective dosages of 
enzyme in g/g dry SBH as: --◊--, 0.52; ▬□▬, 0.26; --∆--, 0.13;  --○--, 0.06; ▬♦▬, No 
enzyme.  
 
Fig. 4. Comparison of growth profiles of B. subtilis on glucose and soy hulls +/- enzyme 
treatment. Hydrolysates A, B and C were prepared using 0.26-, 0.13- and 0.06 g of enzyme per g 
dry soybean hull solids, respectively. Initial soluble CHO levels in medium with hydrolysates 
were 20 mg/mL. Hull extracts received no enzyme treatment. S-7 medium and extract were 
tested in duplicate with results of both runs shown but replicate points are obscured by the small 
variations for most points. All residual SBH solids were removed from hull extracts and 
hydrolysates A, B and C prior to fermentation.  --♦--, Hyd. A; --●--, Hyd. B; ▬▲▬, Hyd. 
C; --◊--, Extract; ▬□▬, S-7 Medium.  
 
Fig. 5. Production of FA-Glu from glucose and soy skim by B. subtilis with S-7 medium as the 
control. Glucose was withheld from media with soy skim. Skim replaced the water component of 
the medium over the range of 10-100% by volume and replaced the soluble CHO component and 
also provided a potential nitrogen source for the cells. All other S-7 medium components were 
present in their normal concentrations. Arrows indicate FA-Glu titers obtained in S-7 medium 
and 100% skim supplemented with 2% glucose. Duration of experiment was 70 hrs. Note that % 
Residual CHO values are multiplied by 10. ○----○, Maximum Growth (A650); ●▬▬●, FA-
Glu, mg/L; ♦----♦ % Residual CHO; ◊ % Residual CHO in 100% skim supplemented with 
2% glucose.  
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Fig. 1. Structure of β-hydroxy-fatty-acyl-glutamate (FA-Glu). Variability of the fatty acid chain 
is responsible for FA-Glu having isoforms with molecular weights of 344, 358, 372, 386, 400 
and 414. The most abundant are those with amu’s of 358, 372 and 386 (Marti et al 
2014).**reprinted with permission??** 
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Fig. 2. FA-Glu production by B. subtilis 40688-E4 on S-7 medium. Note that soluble CHO 
values are multiplied by 10. The data are an average of two replicates. However, similar results 
were consistently observed for soluble CHO, turbidity and FA-Glu titers during this 
investigation. --▲--, Turbidity (A650); ▬♦▬, FA-Glu, mg/L; --●--, Soluble CHO, g/L x 
10.  
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Fig. 3. Results of soybean hull hydrolysis trials. Enzymes used were mixtures of NS22086, 
NS22083 and NS22119 (Novozymes). SBH solids were hydrolyzed with the enzyme dosages 
indicated. Preparation of enzyme mixtures and hydrolysis details are described in Materials and 
Methods. 1 g enzyme mixture contained approximately 179 BHU (cellulase units), 475 FXU 
(hemicellulase units) and 2548 PGU (pectinase units). Symbols indicate respective dosages of 
enzyme in g/g dry SBH as: --◊--, 0.52; ▬□▬, 0.26; --∆--, 0.13;  --○--, 0.06; ▬♦▬, No 
enzyme.  
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Fig. 3. Results of soybean hull hydrolysis trials. Enzymes used were mixtures of NS22086, 
NS22083 and NS22119 (Novozymes). SBH solids were hydrolyzed with the enzyme dosages 
indicated. Preparation of enzyme mixtures and hydrolysis details are described in Materials and 
Methods. 1 g enzyme mixture contained approximately 179 BHU (cellulase units), 475 FXU 
(hemicellulase units) and 2548 PGU (pectinase units). Symbols indicate respective dosages of 
enzyme in g/g dry SBH as: --◊--, 0.52; ▬□▬, 0.26; --∆--, 0.13;  --○--, 0.06; ▬♦▬, No 
enzyme.  
 
Here is a 3rd version of Figure 3. Here, the data for both replicates of the 0- and 0.26 g dosages 
of enzyme were plotted such that the lines captured ALL the data points. For the 0-g dosage, a 
linear trendline was used, and it looks OK. For the 0.26-g dosage, the trendline approach doesn’t 
look good no matter how it is done. In the figure, a simple line is goes thru the data points. 
However, the curve is “bumpy/jerky” for the  4-6 hr time points. This is more evident if open 
data points are used. We elected to use solid data points, to hide this. Let us know which version 
of this figure you prefer. **we’ll discuss this** 
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Fig. 4. Comparison of growth profiles of B. subtilis on glucose and soy hulls +/- enzyme 
treatment. Hydrolysates A, B and C were prepared using 0.26-, 0.13- and 0.06 g of enzyme per g 
dry soybean hull solids, respectively. Initial soluble CHO levels in medium with hydrolysates 
were 20 mg/mL. Hull extracts received no enzyme treatment. S-7 medium and extract were 
tested in duplicate with results of both runs shown but replicate points are obscured by the small 
variations for most points. All residual SBH solids were removed from hull extracts and 
hydrolysates A, B and C prior to fermentation.  --♦--, Hyd. A; --●--, Hyd. B; ▬▲▬, Hyd. 
C; --◊--, Extract; ▬□▬, S-7 Medium.  
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Fig. 5. Production of FA-Glu from glucose and soy skim by B. subtilis with S-7 medium as the 
control. Glucose was withheld from media with soy skim. Skim replaced the water component of 
the medium over the range of 10-100% by volume and replaced the soluble CHO component and 
also provided a potential nitrogen source for the cells. All other S-7 medium components were 
present in their normal concentrations. Arrows indicate FA-Glu titers obtained in S-7 medium 
and 100% skim supplemented with 2% glucose. Duration of experiment was 70 hrs. Note that % 
Residual CHO values are multiplied by 10. ○----○, Maximum Growth (A650); ●▬▬●, FA-
Glu, mg/L; ♦----♦ % Residual CHO; ◊ % Residual CHO in 100% skim supplemented with 
2% glucose.  
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Comments on Reviewer’s Issues 
Reviewer #3 
1. All/nearly all of the insertions of “data not shown” have been removed. 
2. Reviewer wants more information/work on effect of pentoses. Funding and staffing to 
continue this project are no longer available, so it is not possible do additional 
fermentation trials.  The only information we have to support comments about effect of 
pentoses on FA-Glu production are references from the literature by Reznik et al and 
Khan et al. (References 1 and 31). 
Khan et al is not about FA-Glu production! 
3. In Table 5 (now Table 6), the superscripts “a”, “b” and “c” are used to identify sets of 
data that are/are not significantly different as determined by statistical analysis. 
4. P. 17, Line 17: The indicated item of the text has been italicized. 
5. P. 8/Line 9, P 11/Line 5, P. 17/Line 3 and Fig. 4 (Now Fig. 5): “v/v” has been italicized. 
6 P. 11/Line 9 and Line21, “m/z” has been italicized. 
 
Reviewer #4: Minor Comments 
1. A figure (Figure 1) of FA-Glu has been added to the paper. We have also indicated which 
of the fatty acid chain lengths are most abundant in the FA-Glu isoforms detected. 
2. P. 4, Line 48: The comment about mycosubtilin has been corrected.  
3. In Section M &M 2.1, the concentration units for all medium ingredients have been 
normalized using weights per liter instead of molarities. 
4. The titles of all the data curves in the figures have been placed in the figure legends at the 
Reviewer’s request. 
5. P. 17, Line 41: The indicated item of the text has been italicized. 
 
Reviewer #4: Major Comments 
6. P. 5, Line 9-26: The corrections to the production values for surfactin have been made. 
7. P. 12, Line 21: The data presented are results collected from many fermentation trials. 
We have observed that FA-Glu titers can vary considerably and would have preferred to 
see more consistency and repeatability. Such variation is not unusual, as each 
fermentation is a different event. However, we are confident that the results are accurate 
since in each experiment, FA-Glu titers were compared against appropriate controls. 
Whatever was responsible for the variation in titers between experiments would have 
affected the controls in the same way. As indicated above, funding and staffing to 
continue this project are no longer available, so it is not possible do additional 
experiments. 
8. P. 12, Line 26: We agree that the effect of trace metals on FA-Glu titers is interesting and 
warrants further study. However, this was not a major focus of our work. We were 
curious to know the reasons for differences between our FA-Glu titers and those reported 
in the literature. When we discovered that these investigators used media that lacked or 
had lower concentrations of certain trace metals, and contained no glutamic acid, it 
seemed logical to suggest this as a reason for titer differences. This was not pursued, as a 
major focus of our investigation was to determine if low-value agricultural by-products, 
specifically those from soybean processing, could be used as feedstocks for FA-Glu 
synthesis.  
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9. P. 12, Line 38-48: We have made some minor changes to the indicated section in an 
attempt to make the data easier to understand and to clarify our conclusions. 
10. Need to do more work on the discussion.  
 
Reviewer #5 
1. We did consider the economic feasibility of producing FA-Glu from soy hull 
hydrolysates. Part of this included doing a cost analysis. For this purpose, we contacted 
Novozymes to get prices for enzymes required for hydrolysis. However, they would not 
provide us with this information. 
2. There appears to be some confusion with the tables referred to in this comment. Table 4 
is actually Table 3; Table is actually Table 2.  
 
In none of the fermentations done with hydrolysates did we leave glutamic acid out of the 
medium. This was only done when we determined which carbon source (glucose or 
glutamic acid) was most important for FA-Glu synthesis. These data are in Table 2. 
 
The FA-Glu titers of 312- and 320 mg/L were obtained in 2 separate experiments. In 
these experiments, the medium contained both glucose and glutamic acid. The 2nd 
experiment (titer = 320 mg/L) was done using soy fibers, not soy hulls and not soy hull 
hydrolysates. The observed titer of 320 mg/L was obtained with the experimental control 
containing glucose + glutamic acid. The medium with soy fibers also contained glutamic 
acid.  
 
As far as cost analysis is concerned, Item #1 above provides the reason why were unable 
to provide this. 
 
 
Need to add that titers for FA-Glu were not changed to g/l as requested by one of the 
reviewers. It was possible to use g/l concentration units for other components. However, for FA-
Glu, this was not possible as doing so would have resulted in the FA-Glu curves being only 
slightly above the x-axis. The use of mg/l was also kept for the sake of consistency, as these 
concentration units are used in the literature for FA-Glu, surfactin and similar surfactants. 
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Cost Analysis; 
An estimate of the cost of producing FA-Glu from SBH and glucose was made using a price of 
$3.50/kG of each of the 3 enzymes required to hydrolyse SBH (Table 1), a price of $0.22/kG 
SBH and the stoichiometry of 1.54 kG SBH to produce 1 kG of fermentable sugars. Using these 
figures, it was estimated that production of 1 kG of fermentable CHO from SBH would cost 
$0.69. In contrast, the estimated per kG price of glucose is ~$0.44. Need to find an accurate price 
for glucose.  
 
This figure could be better if price of enzymes and SBH was less, and estimated of price of 
glucose is too low. 
 
On 10/1/14, Contacted Ag Processing for price of bulk SBH. Current price: $135/ton. Can range 
from $90-240/ton. Try to get more accurate price of glucose. Glucose @ $0.50/lb = $1.21/kG. 
 
Should we present this information in a table?  
 
From 20 G/L SBH-derived sugars, can produce avg of 235 mG/L FA-Glu. Therefore, from 1 kG 
SBH-derived sugars, can produce 11,750 mG FA-Glu, or 11.75 g. 
 
